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ABSTRACT 

Ifee design and development of a eoiopaetf 'simple and versatile 
mass speet rone ter is dlseussed. 

^e mass spectrometer comprises 1) an ioniser , 2) analyser and 
3) a Faraday eharga eolleotor. The given sample in 'the vapour 

phase is injected into the ioniser, where mostly singly charged ions 
are generated and expelled as a eolllmated beam into the analyser* 

Ideally, 'the analyser Is a symmetrio array of four parallel 
hyperhollo rods, wl'fii the ion beam injected along the <Mntral axis 
of the array* A -voltage of the form t (R T Coa u/ 1) is applied to 
the rods, -the diametrleally opposite ones being oonneoted togethor* 

^^^e spatial field distribution within -the rod array leads to 
equations of motion of ion of -the form of Katt^eu Equation. Under 
predetermined value of U, T, U/7, and ether random -variables as ^e 
spatial m<^entam of the injected ions, the phase angle of r.f* at the 
instant when ions enter -tiie analyser, the ions will either follow 
stable trajeotories along -Uie analyser-or be lost by going into un- 
stable oscillations. Primarily, the magnltodes of U and T determine 
the mass selected in a given species of ions and U/T detexmineB the 
controllable resolution of ttie analyserj^ 

!!he mass scan is achieved by varying voltages U and 7 from low 
aspli-tude to hl£^ amplitude keeping UA eonatant. Thua there exists 
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a one-to-one corzes^ndence between the volta^ and the mass selected. 
Short time (i.e. a time interval of one mass scan) stability of the 
voltages is extremely important. For a QtfS of resolution 400 the 
empirical system requirements are( 

1) Frequency stability, 1 in 1600, 

2) Field radius tolerance, 1 in 1600, 

5) Voltage 0 and V stability, 1 in 800. 

This is the most important aspect of the development of a Q)CS. 

^e stable ions tsransmltted throng the analyser are collected 
by the Faraday Cup and monitored by an Electrometer of sensitivity 
^ 10”^^ dope. 

This system is extremely economical and well suited to residual 
gas analysis in a vacuum chamber. 
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CHAPTER 1 


IMTRODgOTIOM 

Statlp naas spaetronatarB axe obaxaotaxiaed by tlna-inTarlant 
analyser nelda« eleetrle er ma^etle, and only tlaa the field oondltiona 
are ohan«;ed is iriteen a mass speetrum sean Is desired. Cynamie mus 
speetxometers In oontxadlstinetlon to statle iastronents In'velve time 
▼erylng analyser field eoniltlons, and mass separation Is aehlered by 
usin^ different flight times or path stability of ions in the Analyser 
field. 

Pynamio mass qpeet rone tars hare sereral important adraatagpB 
e.ff. in 

t) preelsion detersination of large masses. 

2) applloatifflas ehere mass speotrometor is used in TOdcets ibr 
investigation of the eraq^sltlon of the upper atmosphere. 

3) problems of Ultra Hl|h Tsounm teehnology there the analysis of 
residual gases dotm to extremely lev pressures is required. 

4) rapid and eraq^rehensive mass analyses at medium resolution 
required for Ihe investigation of oombuBtion» and partioulary 
eiqplosion proeesses* 

5) isotope sepamtion. 

ihe Quadrapole Mass Speotrometor (^) and its use as an isotope 
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oepaxfttor waa first reported by Paul et sl« in 1953« This instruaent 
operates without s magnet and uses a d»o. and r.f. field to aohiawe mass 
separation* The resolution of the instrument is eontrolled by the ratio 
of magnitudes of diO. and r.f. woltages and is thereforst eleetronioally 
controllable , unlike magnetic instruments ihere resolution is principally 
dependent on the width of the ion*beam. Ifeohanioallyy the design para* 
meters of the quadrupole permit physically smaller instBsaents for a 
giwan resolution and Ihis factor has been utilized for rocket*bome 
analysis of ionospheric charged particles (Brubaker^ at al*). On the 
other hand, ^piadrupoles with resolution of the order of 10.000 hawe been 
constructed whore high resolution have been neoessary. The quadrupole 
has a large aoeeptanoo angle for ions and consequently a large trans- 
mission officlency (Brubaker, 1961)* 

These features, and its relative In-erpansivoneBO, make it p©A«>e 
Ihe most versatile instrument available in the field of mass spectrometry 
today. It is with «ieae facts and potentlaUty la view that the present 
project for the development of quadrupole mass speotrometer Us under- 
taken. The design oF electinale circuits which generate 1he necessary 
©dwtrol voltages forms the major part of this itoo^s. 
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CHAPTER 2 

gErADHDPOLE MASS gPECTROMETER THEOHT 

) 

2*1 Pglnoiple of Opgmtion 

The Analyser portion of the Q>IS deteraines the ion path stahllity, 
and hence the mass selected* It consists of four precisely turned and 
rigidly mounted stainless steel (Type 304) TOds, These are aligned ^ 
located parallel and e<]uidistaat to each other and also equidistant 
from a central aads. The d.c* and r.f, Yoltages are applied to -^e rods 
as shosn in Figure 2*1. This generates an eleetroatatlc field princio 
pally in the region enclosed the four rods* The effect of fringe 
fields at the too ends of the Analyser is ignored for the foliosing 
analysis* 

If toe rods are hyperbolic cylinders (in practice circular rods 
are used), the potential 0 at any point (x, y) (Pig. 2.1) within toe 
Analyser due t© toe electrostatic field la giwen by 

2 -2 

(pm (h + V Cos a;t) ( * 2 ) 2.1 

T 

a 

nhexo, 

IT t iiEgiiilfudo of 4*Oo potential 
Y I peak anplitudo of r.f* potential 
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t radio fi»quency in radians 

anidius’ shoim in Pig, 2.1, 

With oiroular rods, ahere rod dlaaetar » 1,16 this potential Is 
only approximately generated. 

When a singly charged ion (abbreviated to ion) of a given mass 
enters the Analyser,, it is aooelerated by the electrostatie field. We 
define 

e t charge on an Ion 

m t number of atomie mass 'units (AM?) for a given ion 
and let F , F and F represent the foroes on the ion in the x, y and 

TL ^ % 

z dlreotlons respeotively. Thus, we have 

F^ • •• e ■ » e ( U + V Sos ) 2,2 

V 

o 

K • - • 4 e (tr V Cos ^ t) ( ^ ) 2.3 

2.4 


- 0 2,5 

m 0 2,6 


p. 


mm 0 


Mmm 

ds 


Henoe, tilie equations of motion for any ion are 


4 ’ e ( TJ 4 T Coo t) ( ^ ) 


dt‘ 




n - e ( t + V i^B t^t) ( ) 


dt‘ 


A 

dt^ 


0 


2.7 
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Equation 2,7 states that the z-direction -relocity of the ion Is not 
altered. An ion sill traverse the Analyser with a constant velocity 
in the z-diroction equal to the initial velocity in the z-direction 
with which it entdrod th© Analyser# 

l^efining ^ , a, q in the following parasMtrio eq;aations 


w t - 2 § 2.8 

a - 8 #Tl/(nr^^a/^) 2,9 

q » 4«V/(Bar^^co^) 2,10 

and changing the independent variable fron t to ^ , gives 

x" + (a + 2q Oos 2^ ) x • 0 2,11 

y” - (a + 2q Cos 2 ^ ) y « 0 2,12 


For any eoapntation, the change in the independent variable snist be 
accounted for with oare. Taking the derivative of equation 2,8 gives 

d ^ ,dt 2,15 

Equations 2,11 snd 2,12 are of the form of Mathieu Differential Equation. 
However, the nozBial form of Mathieu Differential Equation is 

x" + (a - 2q Cos 2^) x • 0 2,14 

The te^inlque of solving equation 2.14 lias been treated by Melaehlan 
(MoLachlan, 1947), However, the solutions of equation 2,14 for a wide 
range of paraaeter a, 4 values sad dlffszeat initial eonditions, nay 
bs obtained by nunerioal teefaniques on a digital eoaputsr u sing tiis 
Bung8*Kutta' s fourth order aslhod (Esobexg, 19^4) » 





2.2 Stability Criteria. 




To define ’theoretloal stability', based on the paiamoters a, q., 
ae refer to Pig. 2.2 (After MeLaehlan, 1947). A trajeotory is said to 
be stable if it is bounded with respect to tine. If the aaplitude of 
the trajeetoxy esdiiblts a sionotonously inoraasing trend, without being 
bounded with zespset to time, it is unstable. In Fig. 2.2 regions of 
traje story stability are shown u ndi aded on the a-q, plane. The shaded 
regions indioate walues of a, q idileh lead to unstable trajectories. 

These are the solutions for equation 2,14. The design of tte Analyser 
is based on walues of a, q at ^ apex of 1^ stability chart in Fig. 2. 5 
and also (l) the transwerse monentum of the im at the instant of injeo* 
tien ii^tb the Analyser (2) the phase angle of r.f. at the sme instant. 

Ihen the effects of these paraaeters are eonputed and known, the 'field 
radius', r^ is chosen so that the najozity «f ions hawe bounded tzajeo- 
torles not exceeding r . The leng^ of the Analyser is kept long enouj^, 

80 that the ions with a, q walues in the unstable region have trajectories 
vdiose ssplitudes exceed r^<-aad- those are not transmitted. It is obvious 
that, to keep the physical paranetexs of ^ small* tbe stable zegion 
with lowest value of the parameters a, q snst he chosen in Fig. 2.2. 

It will he observed that equations 2.11 and 2.12 differ fXoa equa- 
tion 2.14 only in the sign of paraaeters a and q. For example* in equation 
2.12 the sign of 'a* is negative* but in equation 2.14 ^be sign of 'a' is 
posltlwe. By reflecting the oos^lete stability dhart of figure 2.2 on 
ma q-axls and supexposing it on the crlgiBal cM^loto stability chart gircc 
the stability in holb X and y dtxectloiis. Iho zegion of practical interest 
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Is magnified and shoim In Fig. 2.3, 

A strali^t line passing through the origin in Hg. 2,5 aad ha'^lng 
a segment elthin the stability region denotes a mass line for useful 
operation of the QHS« Theoretieally, the hearler masses lie towards the 
origin of Fig. 2.3 and the lifter masses pxogresslTely farther away 
from it. The masses may be shifted oontinuously into and out of the 
stability region by varying the physical parameters of the (9CS Analyser, 
This deteimiines and distlngoiriies the transmitted ions f rpaa those that 
are not. 

The following factors , at the instant of ion Injeotion into 
Analyser, determine the maximaA amplitude of Ion trajeetoxy in the 
x-a or y-z planesi 

1) the transverse momentum 

2) the |hase of the r,f, voltage 

5) the transverse displacement of the ion from the oentrsl exie, 
ss, in Fig. 2.1, 

The inoiease of transverse momentom inoafeasea the maxlana aaplltude ©f 
the ion trajectory, without altering the time period of Ion oscdllatton. 
It is interesting that period of ion oscillation In the n-s plane 
is twice the r.f, petled, idiereas the period of ion ©soillation in the 
y-s plane is the samt^ as the r.f. period (Woodward and Crawford, 

The transverse displace^®®! of the ion has negligible effoet on ihe 
maxima of ion tmjeotoasiea* 
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CHAPTER 3 

MS . QElilERAL RESIGN CONSIDERATIOHS 


An inqportant Bpeolfleatlon for any mass speetroBtater 1b its 
reaolutlon. It can be defined as the ability to elearly resolve teo 
oontiguoua peaks of transnitted ion oarrent. Cknerally speakiniT 'teo 
peaks of equal helj^t are said to be resolved idien the valley between 
them is 10^ of the heifht of either peak’ (tJlTEK, I 965 ). 

Mathematically, resolution, R, is defined to be 

R « ■/ A * 3*1 

vdiere m is the centre nass and An the peak vldtii of ‘Otis centre nass. 
Figure 2*3 ^ova several naas lines, eaeh oorxesponding to a different 
resolution. Ihe increasing slope of the nass line dlnijEilshes Idhe sag* 
sent of the nass line lying in the stable region, and eonsequantly 
loproves the resolution of the MS Analyser. It is inounbent that 
the values of parameters a and q. anst be tightly held within close 
tolerances if hi^h resolution operation is desii^ed. From the parsmetrlc 
equations 2.8, 2.9, 2.1© it la obvious that tte physical parsnoters r^, 
oj , IT, Y oust be carefully controlled and diould be stable. However, 
resolution leads to a reduction in the tranaadtted ion curzent 
throucdi the inalyBer and this calls for a more sensitlvo ien>‘«anrsttt 
detector. 



and Ana lyser SpeoiricatloTiai 

The specif ioatlons of the Q|(S Analyeer ueed are glTen in Table 3»1* 

TABLE ^.1 


Deslxed resolution 

400 

Length of rods 

7,6 m. 

Blameter of rods 

0,5175 

Field radius, r 

0 

0#1569 cbi« 

An emplrleal relation has been stated by Paul (Paul at al«, 1958) 

for the required stability of the physical parameters* This is stated. 

and tiie praoticml requirements are listed. 

in Table 5*2* 

5.2 


Stability or Fnpirleal 

Accuracy of Formula 

Yalue Percentage 

T I t 2x(m/Am) 

1 t 800 t 8*125 

uj, T It 43c(a/Am) 

o 

1 1I6OO 4 0.0625 

tr/T (Calculated) 

0.24 

Paul also stated an empirical relation for the required 

number of r.f. periods, B, for ehieh the ions aast remain in the Ana- 

lyser field* 



H 5.5 (V 


1/2 


5.2 
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Given that ions are injected into the analyser with an energy of JaT, 
the velocity of an ion of atomic maas unit (iliu) 1 le 5,1 x 10^ ca/aee* 

The length of the Analyser is oms, and 'Sierefore time of ion residence 
in the Analyser la 2»45 ^ aec. Choosing the r.f, period to be 1 ;a seo, 
the value of N is 2.45. For AKT 10 the value of N ia 7.75, From Paul»8 
equation 5.2, the minimum value of H required la 70. Hosever, Brubaker 
(Brubaker, 61) states ttiat tiie number of periods of the applied r.f, 
required for an ion entering on the axis to reach its maxinom amplitude 
la, 

B - 1,11 (a/Am)''/^ 5.5 

It ia aaaomed here -tiiat, for the Analyser used, resolution for % m 
AMU 10 sill be poor. The r.f, is chosen to be 1 iffia. 

The equations 2,9 f 2,10 are used to determine the required magni- 
tudes of U, T at the apex (a - 0,25699» t - 0,J0600) of the atablllty 
chart given in Figure 2,5, The oaloulated values are listed in Table 5.5. 

TABLE 


Magnitude of , A*. M. 

U. 


1 

100 

400 

U, d,c, vclts 0,0226 

2.2650 

9.0600 

T, peak volts 0.1350 

13.5000 

54.00 

Voltaae Scan Tersfts ^requeffifflr 


It sill be asm trm equations 2.9, 2.10 that any Ion may be 


3.5 



■broTi^t within the stahlllty region of ^igore 2.5 prorlded a, q, eones- 
ponding to a given oaas lie in the atahlllty region. Thla may he achieved 
by^ keeping the other parameters constant, varying the frequency i*-' or the 
magnitudes of tJ and T (with 'Or/V constant). From practical oonslderatlens, 
the latter method, i.e. a voltage scan is used. Thus ea<dx mass has a 
one-to-one correspondenee with the magnitude of TJ or T seleotlng the mass. 
This permits oalihratiGn of the instrament directly in terms of the volt- 
ages. The resolutlm may be preset for a voltage scan if U/7 is main- 


tained constant. 
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CEAPTBR 4 

bibctsomic SYgBig iBsimr 


flflutral ConBidajfttiflMt 

In Chajptnr 3f it ws n^lniiMd th* Q|is inaljrMr aait 
d*lwi by t«» irbltages of th» fom ? Co« t) «4 • (? ♦ T Goa o^t) 

la ozdai? to acfelava a oaaa aeon. Aa iha r.f, ant d«o* aoltagaa of tht 
za<pizad aagnltode asa aaxiad tiom low a^plltaAo (oorxa8]>oadiaff to tha 
loaaat aaaa) to hi# aaplituda (oozxaapondliig to tha bli^oat aaaa) oaa 
■aaa aoaa la o^latad. If tto fiwea aa^ple of Iona txaaaxalag Iba 
( 9 ^ Analyaaw axa Mnltoxad aa ana ow aoaa poako of ioa ouzaant at t**a 
dataotor tbaiz aua and zalatlwa abandaaaa baooaaa kaeaa. If tba glwaa 
BOiupla la not dateatad j^ the loaa haaa aaaaoa oatiMda tha zttigo of t ha 
aaaa aaaa* fha ilaotzoalo eizoalt anat pzoaida a aaoaa of weyiiag ¥ 
and IT eoatlxmottaly aad sapredaoahhly, iMla kaaplag ^a zatlo U/t (oz 
xaaolutien) a pxaaet eonataat* Shia anablaa aaaa aaXlbzatioa in tanaa 
of the iroltadaB, of ahli^ IT la aaaaszad. 


It TOO ooneaiaad ^t tha zacpizad woltacaa aagr bo gaaozatad 
in thaaa dlffaxaat aaya* All tha IbxM adiaBoa laaoi^xmte a ai^Ml 
Boltiplioz (yiBwa natha a, IfiSl)* fha aidnal anltipliazhaa tao iiipttta» 
a oonatant ■aplltada z»f» toltaga and a aonotoBioally laeaoaalad aoltofi 
(daBotad ]fl7)v oat-|«^ of ^ aignal aaltlplAoz la aa z*f« a^Mio 
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aiaplitude at each Instant is directly proportional to the MI7. In MAHIJAL 
mass scan the MTV Is controlled hy the Tailatlon of a potentlooMterf 
irtiereas in AUTO oass soan the MI7 is a sawtooth woltage of a tlme-intenral 
as required for one mass scan* 

4*2 Sdiame A for ^leotronle Hardware! 

It will he seen in Igure 4«1 that this approach prowides linear 
aaqplifieation upto the output stage. The system is split into two chains 
after the pha8e**lnYerter. Unity gain eathode/emitter-followers aet as 
buffer asplifiers between series toned oireuits prowlding -^e required 
▼oltage gain. At the output stage a woltage proportional to the r*f* 
-voltage f V, is en-velope-deteoted to derive the d.e* -voltage^ vddch is 
added to the -voltage T itself, « thus the two Chains generate the -voltages 
^ (U +7 Cos As -this is an open>loop system, aao>^tude nad phase 

stability will be poor. A eathode -follower using 12AT7 wi^ a 50E load 
was observed to give , freqicenoar distortion for an eu-^ut amplitude ^ 8 
volts pesdc* 

4.5 Seheme B for lleotron- ^ft 

Ih Figure 4,2 a single Chain identioal to one of the tvm c hain s 
of Figure 4.1 generates the -voltage (IT + Y Cos o^t). This signal is direct 
eoupled to a balaneed difference amplifier. The output of tho dlfforenM 
Mspliflor at oadi of the two platea will bo proportional to ♦(W-tT Cos M^t) 
and -(it + T Ooa ui t) rospoetively. The 5JiS Analysor rods must bo at 0 
volts under quieseont ocsadltions, vhiCh fizos tho plate potential of -ttai 
diffoxenee saplifior to bo 0 volts. The 6016 psntods la Chossn for 
the dlffese^eo amplifier and the power pentode ie selected t© sat 










aa a current source for the difference amplifier. 

^ the practical oirouit d.o. drift was ehseinred at the difference 
ai^lifier plates. This was attributed to 

1) change# in TR tube 'voltage 

2) plate resistor stability (ABC resis'bors hawe rated o'vei^l 
stability of 5?^) 

3) differential change in cathode emission of 6 CB 6*8 due to hca-ter 
woltage cdianges. 

4*4 Scheme C for Electronic Hardwarei 

Figure 4*5 outlines another me-thod, idileh uses a oentre-t^E>ped 
seoondaxy and bildige rectifier, to obtain tiie -voltages * (B + V Cos ai t) . 
ISiis sdtiema has the hii^est short-time (i.e. time interval of one mass 
scan ) stability. It is explained in detail in Chapter 7« 
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CHAPTER 5 
CRYSTAL OSCILLATOR 


S*! Qaaeral ConsldTatlona 

It vas stated in Chapter 3 that the Yoltages ^ Y Cos out Bust he 
stable both In amplitude ^ Y, and tiie frequency ^ uj » Therefore « a erys^ 
tal«>e<mtzolled oscillator at a frequency U) is required.* The osoillater 
ou‘^t rolta^e ( 1 V r.m.s.) and ihe frequency (1 MHs) must he stable 

despite Yariationa of the supply voltage and ambiant tm^erature* llhe 
requlroaent of the low aisplltude output voltage from i&e oaeillator 
can be conveniently achieved using an active device such as the CMmvanticnal 
transistor or a Field>effeet transistor (FBT). The ocmvmEitienal transls* 
tor operating oonditlons and device paxametars are known to be hij^y tem* 
peratura dependent. In an FBT, suitable biasing gives a quieseent operat- 
ing point with a small temperatuxe coefficient (Sevin, 64 ) • 

3.2 Osoillater C ircuit CcnfigMatlea 

A simple equivalent circuit for the 7BT is shown in Fig. 3*1* ^Ehis 
network y denoted as the aotlve-devlde 3'Pole in Fig. 3*2 » is inter connected 
to the feedback 5-pole as shown, ^his configuration denotes a Colpitt's 
©Boillator if y^, y^ are capacitive adBlttanees and yg i« sn Inductive 
admittance. The Colpitt’s esoillator is used because if requires a sln^e 
Inductlva element without tappingy and by using a ccsystal tc replace the 
inductance higher frequency stabHitF is achieved. 







:|K|i|;iii^||ii|6^|pf^^ 





5.5 represents the combined equivalent circuit, idiieh is 
derived by adding the parallel admittances in Fig. 5.2 (lease, I 964 ) 
Let, 

t load conductance 
t lnor<eiB0xital drain conductanoo 

t total incremental drain conductance 
then, gjjj » ^ % 5*1 

and the aymbols jj, y^j, y^jj in Pig. 5*3 to given by 



5 

" (O4 + Ojg) 

def. i 


5.2 

^11 • 



def , j Cj ♦ 

*LD 

5.3 

■ 


//I f t ^ 

def.J ‘^C- -f 

■ c 

1 

5.4 


jwL 


In Fig. 5.3* if is the voltage at terminals 11', then the eorront 


throu^ 7j » ^ich is , is given by 
h ’ * *in 




yj y^j ^ yjj 7 ^^ ^ Tjjj Tj 


5.5 


Also, - yj e^ 


5.6 


On combining equations 5.5* 5.6 me get 


% hi “*■ ^II hn hll h " ^ 

On substituting equations 5.2, 5*3* 5*4 in equation 5*7 ve get 

7 °A h . 

«LD “ Ai 1j[“ 


5.9 
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Equation 5,8 giTes tha condition for frequanoy of osolllatlon and 
the load reslstanoe ean he oaloulated fron equation 5»9» 

3*5 Choioe o f Cireuit Parameters 

Given that Cjj^j » - 4 pP and letting - 200 pP, - 50 pP 

the -value of L, calculated from equation 5.8 at 1 MBs, ie 568 ;aH. A 
1 MHb ezystal is used aa the inductive element ( pg, in Fig. 5»2* 

For the PBIT type E102, «e choose an operating point such l^at 
“0*5 bA, Tgg « 11 T, « ,600 m Z/ on the basis of linearity of 
voltage^ Bring at the operating point. 

The measured inor«n«a.tal drain reslstanee for the FBS at the 
operating point is 20 K/l, Prom equation 5*9 the required -value of 
*LD HI Z/ , How ■ ,05 B If f hence equation 5»1 gives ■ ,10 B'Zf 

The required -value of load resistance is 10 K XI , 

5.4 

A source follower using PET type E103 Is used to act as a buffer 
amplifier between the crystal oscillator and its load. The design is 
based on the low-frequency » large-signal gr<qp>hioal method of analysis 
of a -vacuum tube cathode follower (Byder, 19^)* 

The output impedance of -the source follower is l/gm 1000/1 . 

The load-resistor is split to 

1) provide self -bias and 

2) to give a r,f. signal from 1 A impedance, ifeioh is used for 
the signal multiplier described in -the nexi ^Ihapter, 
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A zener-dlode voltage regulator Is Inooxporated in the olxoult 
5 •4) to keep the supply voltage constant. 

The frequency stability of this circuit, measured over a time 
interval of 90 minutes is given in Table 5,1. 

TABLE 5.1 

FHEQUEUGT STABILITT OF THE OSCILLATOR 

Ambient temperature t 57«5^C 
Oscillator voltage i 1.5 T r.m.s. 


Time, Hours 

^xequen^, Hz 

1130 

999, 979 

1140 

999, 980 

1150 

999, 979 

1203 

999, 980 

1210 

999, 980 

1230 

999, 979 

1240 

999, 979 

1250 

999, 980 

1300 

999, 979 


Thie shows that the frequency stability daring the test dnratloa 
is better than 1 part in 10 • 



CHAPTER 6 


SIGNAL HDIfflPLIlR AND PEEDIACK AMPLIFIEE 


6.1 Mgltlplier Theery 


The eicponezitial eharaoterietio of a sllloon p>ii. Junction la 
exploited t© achieve analog multlplioatlon C^lswanathan, I 96 I). The 
prlnolple of operation Is briefly dlseusaed here. 

The forward voltage Y aeroaa a diode and &e forward eurrerat I 
throu^ it are related 1^ 

I « I (e^^ - 1) 6,1 


where I is Ihe theoretleal value of the reverse saturation current. 
8 

Defining t 

t t eleotronlo eharge 


and 

then 


K t Doltsasum oonatant 
T t the absolute tanperature 
n f a eonstant nearly e<pBl to unity 
V »: q/nKT 


If the diode is operated suoh that V» , equation 6.1 nay be 


written as 



6.5 


T aiHtig the first derivative of equation 6,5 vlth respect to Y glYei 





IS 

where g Is the Inoremental input oonduetanoe of the diode* Instead of e 
diode, the emitter-base junotion of a eomaon - base transistor is used* 

Let a current, I, whidh is derived from the sawtooth voltage be forced 
into the emitter* I'his makes the eonductsaoe of the emitter-base diode 
directly proportional to the otirrent I* 

^e r,f. signal, ▼, from a voltage source of 1 ohm Impedanee is 
now a-e eoupled to the emitter of the transistor (^Ig. 6*4)* It oan 
be seen that the r.f* collector eurrent is directly proportiwial to the 
pioduet of euineent I and voltage v* As I is linearly inereased the 
r.f. collector eurrent, and ho33oe voltage, also increase linearly. The 
collector load is a tuned transformer, iriileh blocks do, lAdle giving a 
linearly increasing r.f* at the secondary side* ^^is r.f* signal is the 
input to the feedbag amplifier, itoich oonaists of a difference amplifier 
In which negative feedback has been incorporated for obtaining good linearity 
and stability. 

6.2 SeleetioB of a Tnaasist or for MaltipUtS 

Equation 6.1 is the ideal current (l)-voltage (T) law for a p-n 
junction, Tdilch is only approximated by the physical dsvlos. In &s region 
of praotleal operation of the device, the log I vs. V eharactoristle 
must be linear. This assures a good linearity qf the analog multiplica- 
tion. With ihls point of view, the log I vs, JT charBctorlotlo for the 
omlttor-base junction of several transistors is measured and plot^ la 
Fig, 6.1. 

The 2H995 transistor is ©hosen for its good linearity la ^ 
current range 0.1-100 It has an 1^ of 100 IB*. 


■5i||ilili’^iii^#iil|||J^^||i:;|||^|||«^^ 

iii§il*liiiiSS'li'iii^|§:;ii>iiS:iW 




6*3 i^tlpller Clreult Dealgt^ 
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It has been shown that the incremental condactanoe of the emitter- 
base {junction of the common-base transistor is proportional to the eorrent 
I» determine this oondaotanee for the 211995 transistori we need 'tiie 

▼alue of Y* - whieh is given by the slope of "tiie log I vs. V plot in 
Fig. 6,1, The value of V is 60 m T, The eurrenty I, is varied from 
1 joA to 80 ;ikf ^ieh varies the inoremental resistanoe of the emitter- 
base diode from 60F/1 to 750-0., 

Fig, 6,2 shows ^e equivalent eireuit for low-frequeneies at the 
input to the maltip>lier. The eorrent, I, is a sawtooth idiioh Inereases 
from a minimum to maxianm in 5 seconds. This is Ihe time interval for 
one mass scan of '^e QlfS« 

The response of this low pass filter must have a eross-over fre- 
quency, , idiich allows transmission Of the fuadamental imd hazmonlo 
frequnoey ocmponents of I, Cjboosing rad,/Beo, as ‘tiie 

lowest eross-over frequeney, for » 60 Kil , gives C a ,001 uF, 

Fig, 6,3 shows the equivalent ciroult for hl^-froquencies at the 
input to the multiplier, Tliis is a hifii-pass network idiose input is the 
voltage souree, v, at 1 MHs, For this network, Ihe highest esoss-over 
frequency, for - 750 is 212 KIs, This frequeney is mere 

2 octaves below 1 Mis, iMoh ensures almost unity tranomlsBlon of 
-&e high '^pass network at 1 Ms, 

In the imiltiplier circuit, sn I,F. transfonner is used (wt^ 1^ 
can rwBoved to Increase its Q) as me ooUecter load, as shewn i3i fig»6»4«^ 
With me secondary opm-circuited me ispHasee of me primary at me 
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resonant frequency, calculated for the transformer parameters shown In 
Fig, 6,4 is 450 K-O. , If an r,f» signal of 1 m V peak is applied at "Hie 
input to the multiplier, the r,f, collector voltage when the incremental 
input conductance is 750 iX , is 0,6 volts. With a primary to secondary 
turns ratio of 15*1, the voltage induced in the open-oiroulted seoondaj^y 
of DT 2042 is 40 mV peak, 

This signal is applied to a feedback amplifier to give a voltage 
gain of too at 1 MHs. 

6 *4 Feedbadc Amolif ier l)eaii>;n 

The circuit shown in Fig. 6,4 consists of a difference a^lifier 
and a oommon^emitter amplifier. Negative feedback is applied to the 
difference amplifier to achieve good linearity and stability. The gain 
calculations for the amplifier aure as follows. 

An emitter current of ai^reximately 2 ok flows in eauh of the 
Af 1t7 (6e) transistors of the difference amplifier. This gives an - 
r « 15-0- for the AP117r Also, with the d.e. oondlticms shenm, 
r^ 15 fX for the OIL 701 (Si)- which gives h^^ - 1.5 K-O-. 

If we break the loop at A’, and inject a unit voltage signal into 
the bauae of T^, the voltage gain at the collector of T^ is 54. 3 • ®>e 

loop gain, H, which is the voltage which appears at A' is 41*8. As the 
loop gelTi is large oon^aured to unity, the gain of this aaplifier with 
feedback is "Uie reciprocal of the feedback fawjtor. The voltage gain 
with feedback is 100. 

%e input Impedanee, of the amplifier without feedbadc is 
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KXl, Hence the input impedance with feedback, is 

* inf* 


^inf - (1 - ») 

- 218 K XL . 


6.5 


The maadjnum undistorted output of 1^ amplifier is 5 V r.m.s. 


TABLE 6.2 

MOLTIPLIEE LIHEAHITT IBASOHEMEHT 


DG Input, -volts R P Amplitude Ratio DC /HP 

r.n«8. mVolts Yalue Value noxnalised 

with zespeot to 

.lit 


0 

75 

0 

0 

2 

130 

15.38 

.961 

4 

230 

17.40 

1.086 

6 

340 

17.65 

1.104 

8 

460 

17.40 

1.088 

10 

570 

17.55 

n098 

12 

700 

17.15 

1.071 

14 

820 

17.06 

1.067 

16 

960 

16.67 

1.040 

18 

1080 

16.67 

1.040 

20 

1220 

16.38 

1.025 

22 

1360 

16.18 

1.010 

24 

1500 

16.00 

1.000 

26 

1630 

15.95 

.997 

28 

1790 

15.64 

.978 

30 

1920 

15.64 

.978 

52 

2080 

15.38 

.961 

54 

2230 

15.25 

.953 

36 

2370 

15.20 

.950 

58 

2520 

15.08 

.943 

40 

2700 

14.80 

.925 

42 

2850 

14.75 

.922 

44 

3000 

14.65 

.916 
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CHAPTEB 7 

TUHED AMPLIFIER ASD BRIDG® RECTIFIER 


7*1 Introduction 

It was shown In Ghaptor 6 that analog noltiplleatlon of a sawtooth 
voltage and an r.f, voltage gives a linearly Inereaslxig r.f, voltago. This 
r*f« voltage Is the input to a tuned amplifier* The seoondasy winding of 
the tuned amplifier is eentre ts^^d to give Ihe voltages ♦ Y Cos oot, 

A hrldge reotlfier aoross the seocmdaxy winding gives the d.o* voltagos 
>»■ XT, liiieh at eadi instant of time are proportlcmal to the amplitude of 
the r.f. voltagOf Y, The d.o* voltage is applied to the QMS Analyser sods 
through lom‘.|[a8s filters. 

Toned Amplifier Beslan 

A type, 807 heam power tube is diosen for the tuned amplifier on 
the basis of its low plate resistanee and maxliiua plate voltage rating 
of 600 Y. In the bridge reotlfier on tiie seeondaxy side, semioonduetor 
diodes are used for a low amplitude voltage sean. For a hl^ amplitude 
voltage sean, thermlonle diodes with regulated heater supply are used. 

^he choiee of the diodes is based on the voltage breakdown rating, and 
low intoxoloetrode or ^unotion eapaeitanee. 

Fig. 7.1 fteowsffihe elrouit used to generate tha volta^ 

+ (U ♦ V Cos <S£^ t). T^ tuned amplifier has an m^ypaasad ea^ods resistor 
for negative feedbag mud its plate load las a tumed-priBasy, tuned^rsoeon^* 
dary transfomor. The input voltage of the tuned a^llfies Is a llnsaj^y 






3b 

increasing r.f. irtiidi increases from mlnlmoa to maximum in a time interval 
of one QVS mass scan (5 seconds). %e refers, the -baMwidth lequlred of 
the toned circuits is low, and Idle corresponding Q of the primary and 
secondary circuits will be high. The requirement of coils for the 
tuned circuit is that their self resonance snist be hl^ compared to 1 MBs. 
The coils used have spacing ■ .125 !»• betiseen the adjacent toms to 
keep the self oapaoltanoe low, and therefore self -resonant frequency hl|^. 

The measuremeats on the primary and secondary coils are tdeen on 
a Q meter at 1 HHz and listed in Table 7.1. 


TABLE 7.1 


Tuning Capacity, pF 


Induetanoe 

Value, juE 

270 

100 

Primary Induetanoe, 
Secondary open, 

92 * 

735 

- 

Primary Induetanoe, 
Seeondary shorted, L^' 

34 

410 

125 

Seeondary Induetanoe, 
Primary open, 

62 


The osloulated value of mutual Induetaaoe is 60 juH. 

The physical dimensions of the coil are listed In Table 7*2* 
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TABLE 7,2 


Coil 

Length 

Biaaeter 

Bumber of toms 

Primary 

10 in. 

2,5 in. 

00 

Seoondaiy 

10 in. 

2.0 in. 

80 


7»5 PerfonncRce of Clrwilt 

A measuxement is atade to detexmlne the oonatanoy of the ratio XT/T. 
The first measareBsnt is Bade using thezuionio diodes, 6AL5, and 
a B. C, load of 200 E II. of the bridge rectifier. This data is giren 
in Table 7.3. 

TABLE 7,5 


+ V 

- T 

U 

-U 

BadLo 

Hatio 

r,B.a. volts 

r.B.s, volts 

d.e. volte 

d.e. volts 

+B/ 4 Y 

-B/-T 

50.0 

50.5 

11.7 

11.7 

.234 

.232 

39.2 

40.0 

9.1 

9.1 

.232 

.228 

29.8 

30.0 

7.0 

7.0 

.235 

.233 

19.8 

20.0 

4.5 

4.7 

.247 

.235 

10.2 

10.2 

2.8 

2.5 

.275 

.245 
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A second measuiement is made using semiconductor diodes^ BD5004t 
and a B.C. load of 10 K 11 of the bridge rectifier. This data is giTsn 
In fable 7,4, 

fAHE 7.4 


-T 

4T 


+Tr 

Batle 

r.m.s. Tolts 

r.m.s. -volts 

d.c. volts 

d.c. volts 

+1j/-fY(- -U/-V) 

7.9 

7.0 

5.2 

5.2 

0,745 

6.6 

6.6 

4.9 

4.9 

0.745 

6.1 

6.1 

4.5 

4.5 

0.758 

5*6 

5.6 

4.1 

4.1 

0.733 

5.1 

5.1 

5.7 

5.7 

0.725 

4*6 

4.6 

5.4 

3.4 

0.739 

4.1 

4.1 

5.0 

5.0 

0.752 

3.6 

3.6 

2.6 

2.6 

0.722 

5.1 

3.1 

2.2 

2.2 

0.710 

2.6 

2.6 

1.8 

1.8 

0.694 

2.1 

2.1 

1.4 

1.4 

0.667 

1.6 

1.6 

1.1 

1.1 

0.687 

1.1 

1.1 

0.7 

0.7 

0.656 

0.6 

0.6 

0.3 

0.3 

0.5 


It will be seen from Table 7.4 that the ratio U/? is fairly constant, 
particularly when aafflitude of ^ la hi^. At low amplitudes of t, ^ 
ratio XTA ^ foraard resistance of the 
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diode ^aad hence lower d.o. Tolta^ U) in the detection of lov eoagplltude 
of V. 

In coneluelon, this aethod of obtaining the voltage ■¥ (H+V Coe uj t) 
is simple and stable* In a QtfSt the voltages are applied to the -AnalTser 
as ^own in ^ig, 2.1* Because the voltage U is derived from T, it is 
only necessary to vary the amplitude of ^ to achieve a mass soan. 



CHAPTER 8 


CONeLTJSIOHS 


The eleotxoBle hardware to drlwe '&e QUS inalyaer has bean 


completely fabricated. 

This project was a waluable eiqperlenoe in the problems of 
olrcait lagrout for r.f. eireoits. 
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